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Abstract 
There is an ever-growing demand in the wood products industry for cost-effective and 
compact equipment to ensure wood quality measures and specifications are met. Re-
cently, terahertz (THz) technology has begun to pave the way for new, non-destructive 
imaging techniques rather than the standard use of X-ray or microwave technology. 
A prototype THz Michelson interferometer operating at 0.102 THz was developed to 
measure the indices of refraction and absorption coefficients of maple, hemlock and 
birch. These measurements were compared to the Picometrix system, which uses con-
ventional THz time-domain spectroscopy and has been implemented in an industrial 
setting for the real-time measurement of the density of OSB flakes . However , the 
cost and complexity of the Picometrix system prohibits its use for many industrial 
applications. The interferometer is cost-effective, compact and provides accurate data 
at low THz frequencies , thus providing an excellent alternative direction for new THz 
technology in the wood products industry. 
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Chapter 1 
Introduction 
Also known as the far-infrared, terahertz (THz) radiation is situated between the 
microwave and infrared regions of the electromagnetic spectrum (refer to Figure 1.1). 
The most useful frequency range for THz spectroscopy lies approximately in the range 
of 0.3 - 3 THz, which corresponds to wavelengths in the sub-millimeter range [1], [2]. 
Terahertz radiation is transparent to most non-conductive materials such as wood, 
cloth, ceramics, glass, plastics and gases, allowing many objects to be probed at 
these frequencies [1], [2]. Terahertz radiation is also non-ionizing, thereby posing no 
significant health concerns [3] , [4]. The safety, transparency and spatial resolution 
attributes of THz radiation have made this an exciting field of study and make for an 
attractive tool for many applications outside the laboratory setting. 
Wavelength (cm) 
100 10 1 0.1 0.01 10-3 10-< 10-s 10-6 
Radio .Microwaves Infrared UV X-rays 
E ~ E :Iii ~ 
108 109 1010 1011 1012 1013 1014 1015 1016 1011 
Frequency (Hz) 
Figure 1.1: The electromagnetic spectrum with respect to wavelength and frequency. 
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Currently, there are many fields that use THz radiation for applications including, 
but not limited to, medicine [5], [6], imaging [7], pharmaceuticals [8], food sciences 
[9], security [10], [11], and as a tool for quality control in various other fields [12], 
[2]. In particular, the use of THz radiation is becoming increasingly popular in the 
wood and wood composites industry as a means of quality control. Wood is a very 
complicated material and the properties of wood can vary significantly between and 
within tree species. Properties such as density, moisture content and grain angle have 
an important role in the overall structural properties and performance characteristics 
of wood, and it is these properties that industry carefully wants to monitor to ensure 
that the best product is available for the consumer. 
Typically in the wood products industry, quality control is done using microwave 
or X-ray technology. However, the use of THz radiation offers four main advantages 
over the use of microwaves and X-rays. Firstly, THz radiation is non-ionizing and 
poses no significant health risks [3]. Although X-ray technology is commonly used 
because of its good transmission through wood, such as being able to detect defects 
in whole logs [13], [14], safeguards must be used to protect operators from the harmful 
effects of X-rays. Secondly, THz radiation offers sub-millimeter spatial resolution, as 
demonstrated when Koch et al. created density maps of wood that showed sub-annular 
ring spatial resolution [15] . For example, at 1 THz the wavelength is approximately 
0.3 mm, offering superior spatial resolution to microwaves which have wavelengths on 
the order of several centimeters [1 J. Thirdly, wood is strongly birefringent at THz 
frequencies , which can be used to probe the fibre orientation and anisotropy [16], [17]. 
Lastly, due to the strong attenuation by water, THz radiation is extremely sensitive 
to changes in the moisture content of materials [18], [19], [20]. While microwave 
technology has been used to simultaneously determine the density, grain angle and 
moisture content of wood [21], THz radiation has better spatial resolution, is more 
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sensitive to moisture content and is able to detect birefringence of many different 
materials, making THz technology an attractive alternative. 
Properties of wood that are of particular interest to industry, such as grain angle, 
density and moisture content, can easily be determined by measuring the index of 
refraction and absorption coefficients of the wood species. The index of refraction 
and absorption coefficient can be exploited to image the density of wood or wood 
products. This led the way for a pilot study of THz sensing in the oriented strand 
board ( OSB) industry [18]. OSB is a common construction material used in roofing, 
siding and flooring applications. In order to meet strength requirements , wood flakes 
are arranged in three layers: a layer parallel to the conveyor direction, a mid-layer 
perpendicular to the conveyor direction and a third layer parallel to the conveyor 
direction. The layers are then compressed under extreme heat and pressure to create 
a solid end product that is made up of about 96% fibre and 4% chemical additives such 
as waxes and resins. For the OSB manufacturer , it is therefore the wood fibre that 
contributes most to the overall cost of the production process [22]. It is imperative 
that the amount of wood be kept minimal while maintaining the structural properties 
to meet industry standards [23], [18]. For many wood manufacturers, quality control 
is done using X-ray technology. However, X-rays pose significant health hazards, and 
the density fluctuations visible by X-rays from the metal caul screens used to transport 
OSB flake mats overwhelm any density fluctuations from the OSB mats [18]. 
The pilot project involved developing a scanning system based on THz technology. 
Between June 2009 and February 2010, Reid et al. implemented the Picometrix T-
Ray 4000 THz system (discussed in Chapter 3.1.3) at an OSB facility located in 100 
Mile House, BC. This system was capable of scanning with an accuracy of 3% and 
a precision of 0. 7% [18] . Density variations are on the order of ±6%, showing that 
the THz system was able to produce results suitable for real-time measurement and 
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with an accuracy well within the defined industry tolerances. This also showed the 
potential of THz technology to be used for process optimization in the manufacturing 
industry. Further details about this project can be found in Reid et al. [18]. 
This pilot project , as well as many of the other applications of THz technology, 
rely on the method of terahertz time-domain spectroscopy (THz-TDS), which will 
be discussed in Chapter 3.1.2. However, THz-TDS becomes limited when the sample 
material is very thin, has an index of refraction close to that of air, or a low absorption 
coefficient that can make it difficult to differentiate changes in the THz pulse from 
the sample or from noise characteristics in the THz system, such as laser fluctuations 
or other perturbations [24] , [25]. One solution to this is to employ interferometry 
with THz pulses. Interferometers are widely used for measurements of small displace-
ments by exploiting the interference patterns of light caused by changes in phase and 
intensity [26]. For example, changes on the scale of 10-4 in the index of refraction 
have been measured using THz interferometry, corresponding to changes in the opti-
cal path length of 342 nm [27] , and material parameters have been determined for 2 
µm thin Mylar films [24] . Interferometers are also compatible with existing THz-TDS 
techniques, only requiring a beam splitter and mirrors . 
Interferometry is not a new technique, however applications in THz interferometry 
have been quite limited compared to THz-TDS. Several uses of THz interferometry 
include characterizing thin materials such as silicon wafers [25] and polymer films [24], 
determination of electron bunch lengths [28], as well as the characterization of THz 
emitting sources [29] . The field of THz interferometric imaging has shown consid-
erable growth because it does not require a particular coherent or incoherent source 
and can use an array of detectors to measure the phase and amplitude of the THz 
signal [30] . If the signals have the proper delay and correlated phase, the construc-
tive and destructive interference patterns generate sine and cosine functions from 
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which the phase and amplitude can be extracted [30]. THz interferometric imaging 
has been used in medical endoscopes [31], detection of concealed objects [32], sur-
face topography [33] and applications in synthetic aperture imaging [34] , [35]. Many 
types of interferometers have been used for THz interferometry and interferometric 
imaging including Michelson interferometers [24], [29], Mach-Zehnder interferometers 
[36], Fabry-Perot interferometers [37], [31], Murty (Shearing) interferometers [38], and 
Michelson interferometers [24] , [27] , among others [39] , [28]. 
The purpose of the project outlined in this thesis is to develop a cost effective, 
compact THz Michelson interferometer imaging system, and determine its potential 
in the wood products industry by comparing it to the Picometrix system. Indices 
of refraction and absorption coefficients of various wood species will be determined 
using both systems and then compared to each other. The IMPATT diode and THz 
imaging camera used in the interferometer were purchased from TeraSense and cost 
approximately $10,000 [40]. The lower cost of the interferometric system makes it a 
much more economical option compared to the pricier Picometrix system, which was 
approximately $500,000. The potential of the new system and comparison with the 
results of the Picometrix design will be analyzed in Chapter 3. 
Wood is a complicated material and it is important to understand its basic struc-
ture and how it interacts at THz frequencies. An overview of wood properties is given 
in Chapter 2, followed by a discussion on the study of THz data of wood with the 
TeraSense system. The system contains an IMPATT diode, emitting at 0.102 THz 
(emitter) , and a THz imaging camera (detector) arranged in a Michelson interferom-
eter. The index of refraction and absorption coefficients are modelled by looking at 
the intensity and phase differences between reference and sample scans. In this study, 
radial samples of birch, maple and hemlock were used and oriented with the visible 
grain both parallel and perpendicular with respect to the polarization of the THz 
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beam. 
Chapter 3 contains the study of THz data from wood acquired with the Picometrix 
system. The index of refraction and absorption coefficient are modelled using con-
ventional THz time-domain spectroscopy by looking at the difference in the electric 
field amplitudes and the time delay between reference and sample scans. The same 
samples of wood are used for this study, and the index of refraction and absorption 
coefficient are determined for each sample within each species. The results are then 
compared to the results obtained using the TeraSense system. 
Chapter 4 summarizes the results obtained in Chapters 2 and 3 and draws some 
conclusions about the similarities and differences between the two systems. This 
chapter will also discuss the feasibility of the THz Michelson interferometer as a tool 
for real-time measurement in an industrial setting and what work remains to bring 
the system to the next stage in development. 
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Chapter 2 
Michelson Interferometer & the 
TeraSense System 
2.1 Overview of Wood Structure 
Wood is a very familiar, yet remarkably complex material that can be studied from 
a variety of perspectives. Wood is a common construction material, either as a raw 
building material, or more often as a manufactured wood product such as mill-cut 
lumber , plywood , oriented strand board , or fibreboard. Wood can also be broken 
down from its fibrous form into pulp, from which paper products are made worldwide. 
From a chemical perspective, wood is composed mainly of cellulose, hemicellulose and 
lignin [41 J. Anatomically, the structure of wood is rather intricate. The cell walls of 
wood form a repetitive array of longitudinal pores , analagous to holding a bunch of 
straws together. It is important to understand its basic structure and the resulting 
variability that arises between and within different species of wood. 
,vood species can be classified into two groups: softwoods and hardwoods , each 
belonging to the gymnospermae and angiospermae subclasses, respectively. Gym-
nosperms are characterized as having exposed seeds (e.g., pine cones), needle-like 
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foliage, and lateral branches coming off a main, dominant stem. Examples of gym-
nosperms include pine, fir, spruce, hemlock and cedar , and are collectively referred 
to as coniferous trees. Angiosperms are characterized as having encapsulated seeds 
(e.g. , acorns) , leaf-like foliage, and branches with additional branches coming off the 
main stem. These types of trees are mainly deciduous and lose their foliage during the 
winter months. Examples of angiosperms include oak, birch, mahogany and maple 
[42]. 
Macroscopically, all softwoods and hardwoods contain the same tree features. The 
outermost layer of the tree is called the bark, and is not considered to be part of 
the wood [41]. The cambium is a thin layer next to the bark and contains the live, 
reproductive tissues associated with tree growth. ext to the cambium is the sapwood, 
followed by the heartwood closer to the center of the tree. Sapwood contains phloem, 
which transports nutrients throughout the tree, and xylem, which conducts water from 
the roots to the leaves. When the sapwood becomes no longer active, it transforms 
into heartwood and helps contribute to structural support [41]. At the center of the 
tree is the pith which is a spongy tissue that forms the central longitudinal axis of 
the tree [41]. Growth rings represent the annual growth of the tree and are arranged 
concentrically around the pith. Each growth ring contains an earlywood (i.e. , the light 
coloured area representing early season growth) and latewood (i.e. , the darker coloured 
area representing late season growth) region [42]. These regions are also characterized 
by a distinct variation in cell wall thickness and diameter, making each tree ring easily 
identifiable and useful for determining a tree's age. Earlywood typically have thinner 
cell walls and larger diameters and are associated with most of the growth during 
the growing season, while latewood typically have thicker cell walls and narrower 
diameters [42]. Growth rings are more easily observed where the climate has abrupt 
changes (i.e., distinct seasons) than areas where the climate is more constant, such as 
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the tropics. 
Hardwood 
vessel 
thick-walled 
tracheids 
Softwood 
thin-walled 
tracheids 
Figure 2.1: Internal structural difference between hardwoods and softwoods [43]. 
Microscopically, the structure of softwoods and hardwoods differ considerably, 
as shown in Figure 2.1. Softwoods are primarily composed of longitudinal cells, 
called tracheids, and transverse ray cells, called parenchyma, with interdispersed resin 
canals. Tracheids function to support the tree and conduct water through the tree. 
They are very long cells being 75-lOOx longer than their diameter. They also have 
pits , which are openings in the cell walls, that connect the various tracheids together 
[42]. The parenchyma cells function as nutrient storage for the tree [41] . The arrange-
ment of cells in softwoods is uniform with repeating patterns. Hardwoods on the other 
hand have a much more complicated structure. Although there are some tracheids 
and parenchyma cells, hardwoods are mainly composed of fibres and vessels. Similar 
to the tracheids, the fibres are responsible for the structural support of the tree but 
are much shorter than the tracheids [42]. The vessels are similar to the parenchyma 
in that they are responsible for water and nutrient storage and distribution. The 
arrangement of these cells is much less uniform than softwoods and hardwoods tend 
to be more dense than softwoods. 
Since the anatomical structure of softwoods and hardwoods are different , both 
hardwoods and softwoods will interact differently when in the presence of THz ra-
diation. Each species of wood has a different density and the density can vary even 
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within species depending on the tree and growing condit ions (e.g., number and size 
of growth rings). The density is directly related to the moisture content and strength 
properties of the wood. Therefore, it is important to study a variety of wood species of 
both hardwoods and softwoods to ensure THz interferometry will be equally effective 
on all tested samples. 
2.2 Sample Preparation 
The species used in this study were maple (Acer saccharum) , birch (Betula spp) and 
western hemlock ( Tsuga heterophylla), and were taken from samples initially prepared 
by T. Inagaki [44]. These samples were selected to give reasonable variation in species 
density and wood type (softwood versus hardwood). In this case, birch and sugar 
maple are hardwoods and the western hemlock is a softwood. Five samples from each 
species were selected and were previously radial cut to dimensions of approximately 
30 mm (length) x 30 mm (width) x 1 mm (thickness). The samples were remeasured 
using digital calipers (± 0.1mm) and weighed using a Sartorius BPllOS mass balance 
(± 0.001g) . Since the thickness greatly affects the amount of THz radiation absorbed, 
in order to compensate for any anomalies, each sample was measured at each side of 
the sample and the average thickness was then determined. The samples prepared 
were used with both the Michelson interferometer and the Picometrix system to allow 
for direct comparison between the two systems. 
2.3 IMPATT Diode THz Source & Imaging Cam-
era 
The THz emitter and detector used in the interferometer system were purchased from 
TeraSense Group, Inc, a company based in San Jose, California. Established in 2008, 
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TeraSense manufactures novel THz emitters, imagers and ultrafast detectors that 
are cost effective, compact , portable and user friendly. THz emitters are based on 
impact avalanche transit time (IMPATT) technology and can generate THz radiation 
between 80 and 120 GHz. The THz imaging cameras are able to operate between 50 
GHz and 0. 7 THz. TeraSense has been able to manufacture products that are used in 
non-destructive imaging, such as hidden object detection devices used by homeland 
security, and is finding its way into industry for applications in quality control of 
petrol and oil products, pharmaceuticals, agriculture and food, medical diagnostics, 
construction and automotive materials , and in wood processing such as identifying 
areas of water or moisture [45]. The basic generation and detection mechanisms will 
be discussed below. 
IMPATT diodes have been around since the 1960's [46] and are the leading solid-
state devices for microwave and millimeter-wave generation [47]. These diodes are 
reverse biased to produce electron-hole pairs in the depleted region of a semiconductor 
and contain either a single-drift region (SDR), consisting of a single p-n layer, or a 
double-drift region (DDR) , consisting of a p+ - p - n - n+ multilayer structure [48]. 
The DDR is superior to the SDR because the two drift zones enable higher drift zone 
voltages that allow for higher direct current (DC) to radio-frequency (RF) conversion 
efficiency and higher RF power output [47], [48]. The transit time is the time taken 
for the carriers to cross the depletion layer, and the thicknesses, materials and doping 
levels of the semiconductor layers are chosen based on the transit time required to 
obtain a particular frequency [48], [4 7]. Devices operating at approximately 100 GHz 
commonly use silicon (Si) as the semiconductor material [48]. At THz frequencies , 
gallium arsenide (GaAs) , Si, indium phosphide (InP) , silicon carbide (4H-SiC) , and 
Wurtzite-gallium nitride (Wz-GaN) have been explored for semiconductor materials 
in IMPATT devices. It was found that Wz-GaN and 4H-SiC were the best candidates 
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and could potentially generate THz radiation up to 5 THz [47]. The TeraSense diode 
is a Si DDR IMPATT diode emitting at 0.102 THz. It has a 0.6 µm transit region 
with an output power of 60 mW [49]. The source has a power adapter allowing it 
to be supplied with wall voltage (110-240V). It is compact, and requiring only wall 
voltage allows it to be used almost anywhere. 
The Tera-256 model detector is an imaging camera consisting of an array of 16 x 16 
pixels , with each pixel having dimensions of 1.5 mm x 1.5 mm. Its function is similar 
to a charge-coupled device (CCD) camera and is fabricated from a GaAs high-mobility 
heterostructure, with the imaging sensor mounted on a single wafer [50]. It detects the 
THz radiation by using a two-dimensional electron system. Incoming THz radiation 
is received by an antenna and this induces plasma oscillations in the heterostructure. 
If the THz frequencies match the plasma oscillation frequency, a large drop in the AC 
potential across the depletion region of the semiconductor results in considerably high 
values of rectified induced current . This enables a high response in the detectivity at 
the plasma frequencies [51]. At room temperature, the Tera-256 model detector has 
a responsivi ty of 50 kV /W, and a noise-equivalent-power (NEP) of 1 n W / H z0·5 . The 
Tera-256 detector connects to a standard computer via a USB port which syncs with 
TeraSense Viewer software to provide real-time measurement, as well as to supply the 
camera with power [50]. Exact details into the manufacturing of the Tera-256 model 
detector (i.e., materials used) are not given on the company's website, however, they 
may be similar to detectors designed by Muravev [52]. 
The Terasense THz emitters and detectors can be used in a variety of configura-
tions. In this project, the TeraSense emitter and detector are used in a Michelson 
interferometer set-up, discussed in the following section, providing real-time measure-
ment of the index of refraction and absorption coefficient based on phase differences 
and amplitude attenuations. 
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2.4 Michelson Interferometer & the Determination 
of the Index of Refraction 
Interferometers are instruments that exploit the interference and fringe patterns of 
light that result from changes in optical path lengths between the source and the 
detector [26]. As briefly discussed in Chapter 1, there are many kinds of interfer-
ometers but the most common type, and one of the easiest to implement, is the 
Michelson interferometer. Designed in 1881 by Albert Michelson and Edward Morley, 
the Michelson interferometer's most notable role was disproving the existence of a 
luminiferous aether, the medium through which light was thought to propagate [53]. 
A schematic of a Michelson interferometer is shown in Figure 2.2a. A source of 
light (i.e. , THz emitter) is collimated and split with a beam splitter, a material that 
allows for partial reflection and partial transmission. The beam is split into roughly 
equal amplitudes, with beam 1 being reflected upwards (with respect to the figure) 
towards a mirror (GMl) and beam 2 being transmitted right (with respect to the 
figure) towards another mirror ( G M2). Beam 2 reflects off of the mirror, returns to 
the beam splitter and is reflected towards the detector (i.e ., THz camera). Beam 
1 reflects off of the mirror in the upper arm, returns to the beam splitter, but this 
time is transmitted through the beam splitter towards the detector. Depending on 
the optical path length differences between the two arms, an interference pattern is 
created when the two beams reunite at the detector since the path length difference 
introduces a phase difference between the two beams. If the phase difference is an 
integer multiple of 21r , the two beams will constructively interfere, and if the phase 
difference is an odd integer multiple of 1r , the beams will destructively interfere. 
If the length of one of the arms is changed , an intensity profile can be mapped 
out as a function of position of the varied mirror. The intensity will be periodic, 
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Figure 2.2: Michelson interferometer set-up of the TeraSense system for the determi-
nation of the index of refraction. [Definition of terms: SM: sample mount; BS: THz 
beam splitter; SLl: f=200mm silicon lens; SL2: f=lOOmm silicon lens; GM1 / GM2: 
gold plated flat mirrors]. 
reaching points of maximum intensity corresponding to constructive interference, and 
points of minimum intensity corresponding to destructive interference. The intensity 
at a position, x, of a two-beam interference for a Michelson interferometer can be 
represented by 
(
47fX ) I ( x) = a + bcos T + ¢ (2.1) 
where >. is the wavelength of light , ¢ is the relative phase delay between the two 
beams, and a and b are constants related to the relative intensities of the two beams. 
One fringe is observed when either the intensity goes from maximum to maximum 
or from minimum to minimum. When the light passes through a material with a 
constant index of refraction, ( n) , it introduces a phase delay, dcp, which is given by 
dcp = kUm (2.2) 
where t 1s the total distance that the light passes through the material, k is the 
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wavenumber , and !:::.n is the change in the index of refraction between air and the 
material [36]. If the material is placed in one of the arms of an interferometer, as is 
the case in this project , the beam passes through the material twice such that t = 2l, 
where l is the thickness of the material. Since k = 2; , Equation 2.2 then becomes 
21r 
de/>= T2zt:::.n (2.3) 
and rearranging for the index of refraction gives 
(2.4) 
The change in index of refraction between a material and air is given by 
(2.5) 
where n 1 is the index of refraction of the material and n0 is the index of refraction of 
air, which is taken to be 1. Combining Equations 2.4 and 2.5 results in 
(2.6) 
For the THz Michelson interferometer, the beam splitter is constructed from high-
resistivity silicon. At each end of the arms , the THz beam reflects off of gold plated 
mirrors. The mirror in the arm directly across from the THz source was placed in 
a fixed position, and the other mirror was mounted on a manual translation stage 
to create the variable arm. A dial gauge was placed in contact with the translation 
stage to provide accurate measurements of the displacement of the length of the arm 
with a precision of approximately 10-3 inches (0.0254 mm). Two silicon lenses were 
used: one to collimate the emitted THz beam, and one to focus the THz beam onto 
the TeraSense camera. Apertures were placed just after the beam splitter in both 
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arms to reduce scattering and diffraction off the various optical components that may 
otherwise interfere with the detected signal. The sample mount was placed at a fixed 
position in the variable arm. Measurements were obtained by taking a reference scan 
with no sample in the mount , followed by sample scans with the visible grain of the 
sample oriented perpendicular and parallel to the polarization of the THz beam. For 
each scan, the intensity was mapped as a function of displacement, starting just before 
a position of maximum intensity and concluding at a position just after another point 
of maximum intensity. The displacement in the variable arm was incremented towards 
the beam splitter (i.e. , decreasing the length of the arm) every 5x10-3 inches for a 
total of 18 increments, making the total displacement of the arm 2.286 mm, and it 
was kept the same for all scans. This was to ensure that an entire fringe shift was 
observed in the reference scan and to show the fringe delay between the reference and 
sample scan. 
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Figure 2.3: Phase shifts for perpendicular (Perp) and parallel (Par) orientations of 
maple for the determination of the index of refraction. The reference (Ref) scan is 
given in black. 
Figure 2.3 shows an example of the intensity distributions of reference and sample 
scans of maple as a function of displacement in the variable arm. The points in the 
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figure represent the data collected at each 5x10-3 inch increment. The solid line 
represents the best fit to the data points. The Matlab code optimized the fit such 
that the sum of squared error (SSE) residuals was minimized. From the figure, it is 
clear that the introduction of a sample material shifts the intensity distribution. The 
samples with the visible grain parallel to the polarization of the THz beam were shifted 
more than those oriented with the visible grain perpendicular to the polarization of 
the THz beam. This was consistent across all samples. The increase in amplitude 
of the maple sample (4Ml) was an anomaly and was likely due to autoscaling and 
accumulation features of the software. However, as the phase was all that was required 
for the index of refraction measurement, more emphasis was placed on good data 
rather than controlling the amplitude for measurements of the index of refraction. The 
index of refraction is calculated using Equation 2.6 by looking at the phase difference 
between the reference and sample scans. The average indices of refraction for maple, 
birch and hemlock are summarized in Table 2.1. For individual sample measurements, 
please refer to the tables listed in Appendix A. As expected, the index of refraction 
for the samples with their visible grain oriented parallel to the polarization of the 
THz beam ( n
11
) were higher than the samples with the grain oriented perpendicular 
(n..L) to the beam. This is due to the density variation between the latewood and 
earlywood portions of the growth rings that create a birefringence [23]. 
The error associated with these measurements represent a confidence interval for 
the measured index values that can be compared to the Picometrix system. The two 
systems are considered to be in agreement if their measurements agree within error. 
For the TeraSense system, there were a number of sources of error that need to be 
considered. These included uncertanties in any phase drift inherent in the system, in 
how well the data could be fit and any variations in the thicknesses of the samples. 
Each of these will be discussed in turn, further in this section. 
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As with many diodes, IMPATT diodes have thermal limitations and their out-
put can vary due to temperature fluctuations within the diode [48]. Although, the 
TeraSense IMPATT diode is mounted on a heat sink, it is important to consider any 
drifts in phase when operating the diode for extended periods of time. The user man-
ual recommends not running the diode for time periods longer than 2 hours. Therefore, 
measurements were done in stages to ensure this time limit was never reached and 
that the diode did not potentially overheat. A single measurement consisting of a ref-
erence and two sample scans (parallel and perpendicular orientations) was completed 
in approximately 45 minutes. The phase drift was calculated by finding the phase de-
lay between all of the reference scans taken. The differences were then averaged and 
the standard deviation was determined (8</>phase)- The error in the index of refraction 
due to any phase drift was calculated using 
s: Ab</>phase 
unphase = 47fl (2.7) 
which was derived from Equation 2.6 using the standard rules of error propagation. 
It was determined to be approximately ±0.008 rads showing that any variations in 
phase drift could be considered negligible. 
The next error in the index of refraction arises from how well the data are fitted. 
For this, the SSE residuals were plotted against phase as shown in Figure 2.4. The 
best fit to the data was the one that minimzied the SSE residuals. The error was 
estimated by considering the range of phase values that results from allowing the 
SSE to increase at most by a certain percentage relative to its minimum. Figure 2.5 
shows the SSE residuals plotted against phase for maple sample 4Ml. The value of 
15% was chosen because it would be large enough to encompass any variations in the 
SSE plots for each scan, and when zoomed in on the minimum SSE (refer to Figure 
2.4b) , gives a generous estimate of where the minimum is located. The phase range 
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was determined for each scan (reference, parallel and perpendicular) and divided by 
two to find the error associated with the minimum SSE value. Next, the difference 
between the values obtained for the reference and sample scans was calculated for 
each sample. Then, the resulting values were averaged and the standard deviation 
( S</>ssE) was calculated for each species. Similar to the phase drift error, the error in 
the index of refraction due to any phase differences arising from the fitted data was 
determined by 
S = >..S</>ssE 
nssE 41rl . 
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Figure 2.4: Determination of the phase error associated with the fitting proce-
dure. The red lines indicate the SSE values corresponding to the minimum SSE 
(SSEmin) and l.l5S5Emin while the blue lines indicate the phase values associated 
with l.l5S5Emin· 
The index of refraction is also very sensitive to variations in sample thickness. 
As mentioned in Chapter 2.2, the thickness of each was measured by averaging the 
thicknesses obtained from each side of the sample. The error in the thickness is the 
calculated standard deviation from those measurements. The resulting error in the 
index of refraction due to thickness variations is given by 
nSl 
Snthick = -l-. 
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Figure 2.5: Plot of SSE residuals vs. phase for reference (black) , perpendicular (red), 
and parallel (blue) scans for maple 4Ml. 
Lastly, the indices of refraction for each sample was determined and then an aver-
age was obtained for each wood species. The error in those measurements is estimated 
by calculating the standard deviation ( i5na). The total error in the index of refraction, 
i5n , is calculated by adding each of the individual errors in quadrature and is given 
below. 
-2 , 2 , 2 - 2 , 2 
on = una + unphase + Onthick + unssE (2.10) 
Taking into account all of the sources of error will allow a comparison of these results 
with error between measurement systems (i.e. , to compare to measurements obtained 
using the Picometrix system in Ch. 3). There is one additional source of error that 
is considered to be system independent (i.e., inherent to both the TeraSense and 
Picometrix systems) , and that would the uncertainty in the accuracy of the digital 
calipers. The error in the calipers is taken to be ±0.1 mm. This could also result 
in variations in the sample thickness, and therefore is considered as a contributing 
source. The uncertainty in the index of refraction due to the accuracy of the calipers 
is represented below. 
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- nJlcalipers 
Oncalipers = [ (2 .11) 
Including the uncertainty of the calipers, the total error becomes 
On
2 = Ona 2 + Jnphase 2 + Onthick 2 + Oncalipers 2 + SnssE2 · (2.12) 
and this is also summarized in Table 2.1 , where "Sn" represents the system dependent 
error in the index of refraction and "Total on " represents the system dependent error 
in the index of refraction and also includes any variations due to the calipers. 
I Sample I Orientation I n I on I Total on I 
Maple n11 
1.6 0.1 0.2 
n_1_ 1.5 0.1 0.2 
Hemlock n11 
1.3 0.1 0.1 
n_1_ 1.2 0.1 0.1 
Birch n11 
1.5 0.1 0.2 
n_1_ 1.4 0.1 0.2 
Table 2.1: Species average for the indices of refraction using the TeraSense system. 
2.5 Determination of the Absorption Coefficient 
The set-up for the measurement of the absorption coefficient was modified from the 
interferometer set-up to a standard transmission geometry, as shown in Figure 2.6. A 
silicon lens was placed between the emitter and the sample mount to focus the THz 
beam through the sample and onto the detector. The intensity, ! 8 , of the THz beam 
experiences a thickness dependent attenuation in the sample which can be represented 
by 
(2.13) 
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where Io is the initial intensity, a is the absorption coefficient (cm-1), and l is the 
thickness of the sample material. Rearranging Equation 2.13 yields an expression for 
the absorption coefficient, which is given below. 
1 (Is) a= -ylog Io (2.14) 
~E;!,f--------~-----~ D SLI 
(a) Schematic (b) Actual set-up 
Figure 2.6: Set-up of the TeraSense system for the determination of the absorption 
coefficient. [Definition of terms: SM: sample mount; SLl : f=200mm silicon lens] . 
The average absorption coefficients of maple, birch and hemlock are summarized in 
Table 2.2. Once again, for the results of individual measurements, please refer to the 
tables listed in Appendix A. Figure 2.7 shows the differences in intensity profiles on the 
TeraSense camera for each of the scans. Higher intensities are shown in warmer colours 
with the highest intensities displaying an orange or red pixel. Similar to the index of 
refraction, the samples oriented parallel to the THz beam exhibited higher absorption 
than the samples oriented perpendicular to the beam. This was also consistent across 
all measurements. 
The error analysis for the absorption coefficient was much simpler than the index 
of refraction. The sources of error for the absorption coefficient included errors in 
measurement from the averaged results calculated as a standard deviation ( 8ao-), 
and errors associated with the thicknesses of the samples and the accuracy of the 
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(a) (b) 
(c) 
Figure 2.7: Intensity profiles of (a) reference, (b) parallel, and (c) perpendicular 
orientation scans of maple for determination of the absorption coefficient using the 
TeraSense system. 
calipers. The errors were calculated using Equations 2.15 and 2.16 and were added in 
quadrature to quantify the total error, 6a (refer to Equations 2.17 and 2.18). 
a6l 
6 athick = -l-
s: _ ab' lcalipers 
UO'.calipers - l 
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(2.15) 
(2.16) 
(2.17) 
b"ci = 6a(T 2 + 6athick 2 + 6acalipers 2 (2 .18) 
I Sample I Orientation I a (cm-1 ) I 6a (cm-1 ) I Total 6a (cm-1 ) I 
Maple au 2.4 0.2 0.3 
a1_ 1.7 0.3 0.3 
Hemlock au 2.1 0.8 0.8 
a1_ 0.4 0.2 0.2 
Birch au 2.2 0.4 0.5 
a1_ 1.5 0.3 0.3 
Table 2.2: Species average of the absorption coefficients using the TeraSense system. 
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Chapter 3 
THz-TDS & the Picometrix 
System 
3.1 THz Technology 
Research into THz radiation and technology began in the 1970s, but increased rapidly 
in the 1990s [1]. This was partly due to a lack of technology, such as femtosecond 
(fs) laser sources, but also due to a lack of perceived need, unlike microwaves which 
were developed for radar systems. In order to generate and detect THz radiation, 
electronic and optical techniques must be combined. Typically, it is difficult to drive 
electronic devices and techniques above 100 GHz and equally as difficult to drive 
optical techniques down below 300 GHz, giving rise to the "THz gap" [1]. Once 
scientists were able to understand THz radiation and how to generate and detect it, the 
number of publications exponentially increased during the late 1990s and early 2000s. 
The first commercial THz spectrometer became available in 2001 , and has led the way 
for new systems utilizing state of the art generation and detection methods. Two of the 
most common methods of generation and detection involve the use of photoconductive 
antennas , or the use of optical rectification and electro-optic sampling. For the purpose 
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of t his thesis, only THz generation and detection using photoconductive antennas will 
be discussed. 
3.1.1 Photoconductive Generation & Detection of THz Ra-
diation 
The Picometrix T-Ray 4000 system generates and detects THz radiation by means 
of photoconductive antennas. In photoconductive generation, an ultrashort optical 
pulse, on the order of ""'100 fs ( excitation pulse) , is incident on an electrically biased 
photoconductive antenna mounted on a semiconductor substrate, which produces an 
ultrashort transient electrical pulse. The photon energy supplied by the optical pulse 
is greater than that of the band gap of the semiconductor causing electrons to be 
excited from the valence band to the conduction band. This results in a rapid rise 
in current density, producing a transient current density that then radiates electro-
magnetic radiation at THz frequencies, according to Maxwell 's equations as dJ / dt 
[54]. 
There are a number of semiconductor materials that can be used to generate 
THz radiation from a photoconductive antenna, although the standard tends to be 
either semi-insulating gallium arsenide (SI-GaAs) or low-temperature grown gallium 
arsenide (LT-GaAs). LT-GaAs is more often used than SI-GaAs because it has a 
higher breakdown field , good mobility and offers a sub-picosecond (ps) carrier lifetime, 
which is important for maximizing the variation in the transient pulse, whereas SI-
GaAs has a carrier lifetime on the order of a few hundred picoseconds [55]. 
The coherent detection of THz radiation using photoconductive sampling is analo-
gous to photoconductive generation, with the exception that the incoming THz electric 
field biases the gated photoconductive antenna [54]. A map of the THz field is gen-
erated by using an ultrashort optical pulse (probe pulse) which creates a window of 
26 
conductivity and has a variable time delay with respect to the excitation pulse used 
in the generation mechanism. The incoming THz electric field then drives a current 
proportional to the THz electric field , and the resulting current measured is a convo-
lution of the THz electric field and the conductivity window [54]. The generation and 
detection of THz radiation using these photoconductive antennas enables the use of 
THz time-domain spectroscopy which is discussed in the following section. 
3.1.2 THz Time-Domain Spectroscopy 
Terahertz time-domain spectroscopy (THz-TDS) is one of the most common meth-
ods to study the interaction of THz radiation with matter since it was reported in 
1989 by van Exter et al., who used the method to accurately catalog the absorption 
spectra of water vapour [56]. The generation and detection of THz radiation using 
photoconductive antennas allows for coherent detection, allowing the THz electric 
field to be mapped directly in the time domain [56]. The data can then be converted 
(if desired) to the frequency-domain by performing a fast-Fourier transform (FFT) of 
the time-domain data. 
Figure 3.1 shows a schematic of a typical experimental set-up for a THz-TDS 
system. The femtosecond laser, usually a titanium sapphire laser (Ti:Sa), is separated 
by a beam splitter into a pump beam that will be used to generate the THz pulses, and 
a probe beam that is used to detect the THz pulses by the process described in Section 
3.1.1. The generated THz pulse is focused through the sample before being detected 
by the detector. Along the probe beam path is a variable delay stage that allows for 
the mapping of the THz pulse by scanning the time delay between the probe pulse 
and the THz electric field [2]. Mirrors and lenses may be used to focus , collimate, 
and redirect the pump, probe and THz beams as needed. It is also common to have 
the THz-TDS system purged with dry air throughout the measurement to reduce any 
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Figure 3.1: Schematic of a THz-TDS system. [Definit ion of t erms: BS: beam splitter , 
Tx: THz emitter , Rx: THz detector] . 
att enuation from water vapour , although purging was not done in this thesis project. 
3.1.3 Picometrix T-Ray 4000 Syst em 
The Picometrix T-Ray 4000 system is a pulsed THz spectrometer from Picometrix, 
Inc. [40]. The sp ectrom eter contains a cont rol b ox h ousing a femtosecond laser and is 
fibre-opt ically connected to the emitter and detector heads in conjunction wit h T-Rex 
proprietary software. The system can also be used in either transmission or reflection 
geometry. The emitter and detector heads produce and detect THz radiation using 
photoconductive antennas (discussed in Section 3.1.1). The Picometrix system is 
capable of generat ing waveforms in an 80 ps window at a repetit ion rate of 1000 
Hz (i.e., 1000 waveforms per second) offering bandwidth from 0.02 to about 2 THz, 
similar to the T-Ray 5000 model available at Picometrix [57]. 
For t his project, t he Picometrix system was operated in a transmission geometry, 
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as shown in Figure 3.2. The emitter and detector heads were aligned along a straight 
path with the sample holder placed directly in the center of the beam path. The 
sample holder was a rotation mount that allowed for angular deviations of up to 360°. 
An aperture was used to narrow the THz beam so that the THz pulse was transmitted 
only through the wood to prevent diffraction and scattering of the pulse at the edges 
of the sample. Standard THz-TDS measurements were obtained by first taking a 
reference scan with no sample in the holder, followed by sample scans with the wood 
oriented with its visible grain perpendicular and parallel to the polarization of the 
THz beam. Each measurement contained an average of 10,000 waveforms. Analysis 
was done using MatLab software (R2012b) employing the equations described in the 
following section. 
-----:-rn-----
SM 
(a) Schematic (b) Actual set-up 
Figure 3.2: Set-up of the Picometrix system. [Definition of terms: SM: sample mount]. 
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3.2 Determination of the Index of Refraction & 
Absorption Coefficient 
When an electric field passes through a material with optically flat surfaces, multi-
ple reflections result within the sample. Often in THz-TDS, only the first reflection 
is considered because the multiple reflections appear outside of the window of mea-
surement due to a large temporal delay between the main pulse and its reflections. 
However, this simplistic picture cannot be applied when the sample is very thin or 
exhibits an index of refraction similar to air. This method also requires a very accu-
rate sample thickness [58]. Material parameters, such as the index of refraction and 
absorption coefficient, can be determined by measuring their effect on the electric field 
as it passes through a sample. This is known as the inverse electromagnetic problem 
and the extraction of these parameters is obtained by an iterative algorithm presented 
by Koch [58]. 
In THz-TDS, it is common to acquire the signal in the time domain, but then 
convert it to the frequency domain by performing a fast-Fourier transform (FFT) of 
the data, since many of the parameters of interest are frequency dependent. The 
frequency dependent , experimentally determined transfer function , Hex(w), can be 
defined as the ratio of the measured electric fields , 
(3.1) 
where E!:mp(w) and E:;1(w) are the frequency dependent experimental sample and 
reference electric fields , respectively, and w is the angular frequency [58]. The inverse 
electromagnetic problem finds the material parameters for every w in the frequency 
range such that the difference between Hex ( w) and Htheory ( w) is minimized. 
The behaviour of a THz pulse at an interface between two different materials , 1 and 
30 
2, can be described using the Fresnel coefficients for reflection, r 12 , and transmission, 
(3.2) 
(3.3) 
where iii and ri2 are the complex indices of refraction for materials 1 and 2. For this 
thesis, air will have a subscript denoted by O and the material, wood in this case, will 
have a subscript denoted by 1. The complex index of refraction of the material is 
defined to be 
(3.4) 
where n1(w) is the real component of the index ofrefraction and ~1 (w) is the extinction 
coefficient of the material. The relationship between the extinction coefficient and the 
absorption coefficient, a 1 ( w) , is given by 
(3.5) 
where c0 represents the speed of light (c0 = 3x 108 m/s). 
The propagation of an electric field through a distance, z, into a material can be 
described by 
E ( z) = Einit Pi ( z) (3.6) 
where E init is the initial electric field and Pi is the propagation coefficient of the 
material expressed by 
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Figure 3.3: Fabry-Perot reflections in a sample of thickness l. The dashed arrows 
represent reflections of the THz field t hat do not contribute towards the final measured 
field. Note that the arrows are not accurate representations of the direction of t he 
THz field through the sample, but are only to clarify to the reader how the THz field 
seperates into transmitted and reflected components at the interfaces. 
As shown in Figure 3.3, the process of how an electromagnetic field propagates 
through a material is complicated and can be divided into several stages. First, an 
initial electric field, Einit, propagates through air until it reaches the left surface of 
the material (air-to-wood interface) . The field t hen divides into transmitted (Einitto1 ) 
and reflected (Einitro1 ) components. The reflected components do not contribute to 
the detected sample electric field , and therefore can be ignored. The transmitted 
component then propagates through the material of thickness, l, until it reaches the 
right surface of the material (wood-to-air interface), resulting in an electric field of 
Einitto1Pi. Once again, the electric field splits into reflected and transmitted compo-
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nents. The transmitted component through the second interface has an electric field 
of Einitto1Pit10 and contributes to the detected signal. The reflected portion results 
in periodic reflections known as Fabry-Perot reflections, and each time one of these 
reflections reaches the second interface, the transmitted portion contributes to the 
overall detected signal. Summing up all the contributions to the sample electric field 
yields 
(3.8) 
where I represents the number of Fabry-Perot reflections, t 01 and t 10 are the Fres-
nel coefficients for transmission at the air-wood interface and the wood-air interface 
respectively, and r 10 represents the Fresnel coefficient of reflection at the wood-air 
interface [58]. The propagation through air needs to be considered, and is equal to 
P0 (x - l). The reference electric field is simply 
(3.9) 
where x is the optical path length between the emitter and detector in air. With the 
theoretical reference and sample electric fields now known, the theoretical transfer 
function is [58] 
(3.10) 
This suggests that there can be an infinite number of Fabry-Perot reflections. 
Physically, this is not the case and the expression is 'restricted due to the exponential 
attenuation of the electric field with each pass through the sample material, and by the 
finite time window of the measurement. In order to determine n and K , first a range of 
values for n and K are assumed and then varied until Htheory is arbitrarily close to H ex 
33 
[58]. In order to obtain convergence, the number of Fabry-Perot reflections must be 
assumed, which can be done by estimating initial values for n and "' associated with 
the maximum amplitudes of the electric fields. The maximum transmitted electric 
field is given by 
(3.11) 
where Es,max and Er,max represent the maximum sample and reference electric fields, 
respectively. From this, the initial extinction coefficient is found by 
_ _ !col (IEs,maxl) 
"'1 - l og IE I . 
W r,max 
(3.12) 
Substituting Eq. 3.5 into Eq. 3.12 gives an expression for the absorption coefficient 
and is given below. 
a= -~log(IEs,maxl) 
l IEr,maxl 
(3.13) 
The initial index of refraction can be obtained by measuring the time delay between 
reference and sample scans which is a direct result of the change in the index of 
refraction between air (no) and the material (n1) , as represented below. For air, no is 
taken to be 1. 
(3.14) 
The time delay, D.t , between the pulses is determined by 
D.t = lD.n. 
Co 
(3.15) 
After substituting Equation 3.15 into Equation 3.14, an expression for the initial index 
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of refraction for the material is obtained and given below. 
Cof:..t 
n1 = -l- + 1 (3.16) 
Only a limited number of Fabry-Perot reflections can "fit" in a given time window, 
tmax· The number ofreflections, 1 , can be estimated such that the following inequality 
is satisfied 
n1 
tmax ~ -l(l + 2,) 
Co 
(3.17) 
where the factor of 2 arises from the fact that each reflection traverses twice through 
the sample before being detected [58]. With a reasonable estimation of 1 , the values 
of n and K can be determined by making Htheory arbitrarily close to H ex [58]. The 
Fabry-Perot reflections cause an oscillation in the detected THz signal, also resulting 
in oscillations in the transfer function . A more detailed explanation of this process is 
provided by Koch et al. [58]. 
3.3 Measurements of the Index of Refraction & 
Absorption Coefficient 
Using the set-up given in Section 3.1.3 and methods described by Koch et al., the 
indices of refraction and absorption coefficients were obtained for maple, hemlock 
and birch samples. The index of refraction measurements will be discussed first, 
followed by the measurements of the absorption coefficient. Figures 3.4 - 3.6 show 
examples of the indices of refraction plotted versus frequency for each species at each 
orientation (parallel (n11) and perpendicular (n1_)). As seen in the figures, the index of 
refraction is approximately constant except at low frequencies . In order to compensate 
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for the noise at low frequencies , the index of refraction was calculated as an average 
between the "stable" frequencies (i.e. , those lying between 0.2 - 0.5 THz). The average 
indices of refraction for maple, hemlock and birch using the Picometrix system are 
summarized in Table 3.1 , and for individual measurements please refer to Tables A.7, 
A.8 and A.9 in the Appendix. Similar to the results obtained from the TeraSense 
system, the indices of refraction for the samples with their grain oriented parallel to 
the polarization of the THz beam were higher than for those with their grain oriented 
perpendicular to the beam due to birefringence [23]. This was consistent throughout 
all measurements. 
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Figure 3.4: ( a) Parallel and (b) perpendicular orientations of the index of refraction of 
maple (sample 4Ml) using the Picometrix system. The small dashed line represents 
the system dependent error estimate while the large dashed line represents the total 
error estimate. 
I Sample I Orientation I n I bn I Total bn I 
Maple nu 
1.6 0.1 0.2 
nJ_ 1.5 0.1 0.2 
Hemlock n 1  
1.3 0.1 0.1 
nJ_ 1.2 0.1 0.1 
Birch n u 
1.5 0.1 0.2 
nJ_ 1.4 0.1 0.2 
Table 3.1: Species average for the indices of refraction using the Picometrix system. 
The error analysis for the Picometrix system is complicated due to the noise ob-
served at the lower frequencies. Therefore, focus was placed on the repeatability of the 
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Figure 3.5: ( a) Parallel and (b) perpendicular orientations of the index ofrefraction of 
hemlock (sample 4Hl) using the Picometrix system. The small dashed line represents 
the system dependent error estimate while the large dashed line represents the total 
error estimate. 
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Figure 3.6: (a) Parallel and (b) perpendicular orientations of the index of refraction 
of birch (sample 4B1) using the Picometrix system. The small dashed line represents 
the system dependent error estimate while the large dashed line represents the total 
error estimate. 
measurements and an error estimate is given. The repeatability of the measurements 
is best observed by referring to the tables listed in the Appendix. For simplicity, an 
error estimate was calculated based on variations in the measurements (i.e., standard 
deviations) and thicknesses, which are represented in the following equations. 
n8l 
8nthick = -l-
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(3.18) 
(3.19) 
Taking into consideration the error in the accuracy of the calipers, the total error was 
estimated using 
;: . _ n<5lcalipers 
uncalipers - l (3.20) 
and 
<5n
2 = <5nc, 2 + <5nthick 2 + <5ncalipers 2 · (3.21) 
However, for the averaged values of each wood species, the error is likely over-
estimated as a result of averaging already averaged values to obtain the indices of 
refraction for each species. The error estimates for individual samples appear to be 
more appropriate estimates (e.g., ±0.05), as seen in Tables A.7, A.8 and A.9 listed in 
the Appendix. 
Moving on from the index of refraction measurements, the measurements of the 
absorption coefficient were more complicated. An example of the absorption coefficient 
versus frequency is shown in Figure 3.7 for both perpendicular (a::..L) and parallel (0::11) 
orientations of maple (sample 4Ml). Similar to the index of refraction measurements, 
the absorption coefficient measurements are even more noticeably noisy at low THz 
frequencies. The samples oriented parallel to the polarization of the THz field showed 
greater absorption than those oriented perpendicular to the beam polarization. This 
was shown to be consistent across all measurements. The data were initially fitted 
using all the data points, however using a smooth curve that was non-linear and 
the value of absorption coefficient was found to be too high compared to what was 
expected from a previous study of the interaction of THz radiation with wood [23]. 
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To try and compensate for the noise, the data were fitted between 0.2-0.5 THz. A 
linear fit was used as it matched the data in this range quite well. This resulted in a 
lower bound for the absorption coefficient. The individual sample measurements were 
averaged to obtain a value of the absorption coefficient for each species, and these are 
summarized in Table 3.2. 
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Figure 3. 7: ( a) Parallel and (b) perpendicular orientations of the absorption coefficient 
of maple (sample 4Ml) using the Picometrix system. 
For the absorption coefficient measurements , an error estimate is not given due to 
the large variations created by the noise at lower frequencies. Using an error estimate 
based on measurement and thickness variations seems to underestimate the error, 
as using this approach yielded an error estimate of approximately ±0.2 - 0.8 cm- 1 . 
At this time, the error analysis is too complicated to model accurately and beyond 
the scope of this project. Instead, an estimate for the range where the true value of 
the absorption coefficient was likely to occur was obtained by fitting the data twice 
( refer to Figure 3. 7b). As mentioned previously, all the data points were fitted , but 
this seemed to overestimate the value of the absorption coefficient. The data were 
then fitted between 0.2-0.5 THz, resulting in a much lower value for the absorption 
coefficient. However, it is likely this fit underestimates the value of the absorption 
coefficient and that the true value falls somewhere between these two fits. The lower 
and upper bounds (i.e., O'.!ower and O'.upper) of the absorption coefficient were found 
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for each sample and then averaged to find the bounds for each species, which are 
summarized in Table 3.2. Again, individual sample measurements can be found in 
the Appendix. The results obtained from the Picometrix system will be compared to 
those obtained using the TeraSense system in the following section. 
I Sample I Orientation I a U pper (cm-1 ) I a Lower (cm-1 ) I 
Maple a11 
4.9 2.6 
a .l 4.1 1.4 
Hemlock a 11 
4.7 1.9 
O'._i 3.7 1.5 
Birch a11 
4.7 0.4 
0'..1 2.6 0.0 
Table 3.2: Species average of the absorption coefficients using the Picometrix system. 
3.4 Comparison Between the Picometrix T-Ray 4000 
System & TeraSense Interferometer 
The results obtained using both the TeraSense and Picometrix systems were compared 
and found to be in agreement. To begin the comparison, the index of refraction at 
each orientation was measured five times on both systems. The measurements were 
averaged and found to be equal, within error. This not only showed good agreement 
but also tested the repeatability of measurements using both systems. Next, all the 
samples were measured and then averaged to obtain values for each wood species, as 
shown in Table 3.3 . The values in the brackets represent the values of the respective 
indices of refraction before being rounded according to significant digits , showing that 
the two systems do produce similar results. 
As mentioned in Chapter 3.3, the absorption coefficient measurements obtained 
using the Picometrix system were very noisy at lower frequencies , making an error 
estimate unobtainable. The data were fitted twice to create a range of values with 
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Picometrix Tera Sense 
Sample Orientation n 8n Total 8n n 8n Total 8n 
Maple n11 
1.6(1.56) 0.1 0.2 1.6(1.60) 0.1 0.2 
n.1 1.5(1.48) 0.1 0.2 1.5(1.51) 0.1 0.2 
Hemlock n11 
1.3(1.26) 0.1 0.1 1.3(1.27) 0.1 0.1 
n.1 1.2(1.20) 0.1 0.1 1.2(1.19) 0.1 0.1 
Birch nu 
1.5(1.48) 0.1 0.2 1.5(1.52) 0.1 0.2 
n.1 1.4(1.39) 0.1 0.2 1.4(1.41) 0.1 0.2 
Table 3.3: Comparison of the index of refraction between the Picometrix & TeraSense 
systems 
upper and lower bounds where the t rue value of the absorption coefficient was likely 
to occur. The absorption coefficient obtained using the TeraSense system was plotted 
on the same plot as the Picometrix data to see where it compared to the Picometrix 
values. This is represented in Figures 3.8, 3.9 and 3.10, where the perpendicular and 
parallel orientations for one sample of each species is shown. For most of the samples, 
the TeraSense absorption coefficient was well within the range, or closer to t he lower 
bound. Therefore, it can be concluded that the TeraSense measurements agree within 
the Picometrix range of values for the absorption coefficient, and these results are 
clearly illustrated in Table 3.4. 
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Figure 3.8: ( a) Parallel and (b) perpendicular orientations of the absorption coefficient 
of maple (sample 4Ml) using the Picometrix system compared with t he TeraSense 
system. 
Since the Picometrix data were so noisy at t he lower frequencies, it is useful to 
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Figure 3.9: (a) Parallel and (b) perpendicular orientations of the absorption coeffi-
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Figure 3.10: ( a) Parallel and (b) perpendicular orientations of the absorption coeffi-
cient of birch (sample 4Bl) using the Picometrix system compared with the TeraSense 
system. 
look at the signal-to-noise ratio (S R) of the system. The Picometrix data is collected 
in the time-domain over an 80 ps time window and converted to a frequency-domain 
by taking the fast-Fourier transform of the data. An example of this is shown in 
Figure 3.11, near the end of this Section. The pulse generates a broad-band frequency 
spectrum from 0.01 THz to approximately 0.7 THz. The frequency-domain was then 
plotted on a semilog plot to determine the noise floor , which was taken to be the 
maximum peak in the modulated portion after the main signal, as shown in Figure 
3.12. The noise was determined to have an amplitude of 2x10-3 . The frequency-
domain data was then divided by the noise floor to generate a plot of the SNR as 
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I Sample I Orientation I a Upper (cm- 1) I a Lower (cm- 1) I a TeraSense (cm-1) I 
Maple a11 
4.9 2.6 2.4 ± 0.2(0.3) 
a.1 4.1 1.4 1.7 ± 0.3(0.3) 
Hemlock a 1  
4.7 1.9 2.2 ± 0.4(0.5) 
a.1 3.7 1.5 1.5 ± 0.3(0.3) 
Birch a 1  
4.7 0.4 2.1 ± 0.8(0.8) 
a.1 2.6 0.0 0.4 ± 0.2(0.2) 
Table 3.4: Comparison of absorption coefficients between the Picometrix & Terasense 
systems 
a function of frequency, given in Figure 3.13. As shown in the figure , the signal-to-
noise ratio is poor below approximately 0.1 THz and above approximately 0.5 THz, 
making it difficult to reliably extract data at these frequencies. The measurements 
thus become unreliable outside t his frequency range as was observed. 
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Figure 3.11: An example of (a) a t ime-domain and (b) a frequency-domain THz pulse 
transmitted through a maple sample. 
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Figure 3.13: Signal to noise ratio of the Picometrix system. 
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Chapter 4 
Conclusion 
The indices of refraction and absorption coefficients of maple, hemlock and birch 
samples were measured using two different systems, the Picometrix system and the 
TeraSense system, in order to test the potential of new THz technology for quality 
control applications in the wood products industry. The Picometrix system has been 
used to perform real-time measurements of the density of OSB flakes in an industrial 
setting, but the complexity and costs associated with this system limits its use [18]. 
In addition, challenges exist when operating the Picometrix system, such as keeping 
dust and debris out of the sensitive optical equipment and optical fibres connecting 
the emitter and detector heads, and ease of use for the average millworker. To remedy 
some of the shortcomings of the Picometrix system, this project focused on developing 
a prototype THz system using a single-frequency source IMPATT diode and imaging 
camera purchased from TeraSense Group, Inc. configured in a Michelson interferom-
eter. The set-up is simple, with fewer optics and sensitive equipment, and is much 
less expensive than the Picometrix system, offering an attractive alternative. 
The two systems yielded very similar measurements for the index of refraction and 
absorption coefficients, with both values agreeing within error. The noise observed in 
the Picometrix system made it difficult to accurately determine the index of refraction, 
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and moreso for the absorption coefficient at the frequency of the IMPATT diode (0.102 
THz). For this reason, the results were averaged between 0.2-0.5 THz as the index 
of refraction was almost constant across all frequencies and the absorption coefficient 
was approximately linear in this range. Measurements were tested for repeatability as 
error estimates for the Picometrix system were not accurate. The TeraSense system 
was also tested for repeatability and did not suffer from the same complications due to 
noise as it only operates at a single frequency. The results obtained with appropriate 
error estimates were determined and shown to agree between the two systems. 
The results obtained in this project provide an excellent first step towards devel-
oping a new THz system for applications in the wood products industry. However, 
much work is needed before it reaches a stage that is potentially viable for industry. 
As mentioned previously in Chapter 1, manufacturers in the wood and wood products 
industry are interested in measuring properties that can help determine the structural 
and performance characteristics of their products. Many of these properties are de--
pendent on knowing the density and moisture content of the wood species in question, 
and the density and moisture content can be determined by measuring the indices of 
refraction and absorption coefficients. Therefore, the next logical step would be to 
look at these properties in greater detail. 
The index of refraction can be used to compute the dielectric constant of the wood, 
which is correlated with the density of the wood sample [59] . Wood is an extremely 
complex material and variances in its structure (e.g., hardwoods vs softwoods) will 
result in different densities between species and within the same species. The densities 
of 46 different species of wood have been determined by Inagaki et al. using a Maxwell-
Garnet effective medium theory based on cylindrical geometry [59]. They found that 
this model agreed well with the measured densities obtained by using the oven-dry 
weight and volume measurements. The next step using the TeraSense system would 
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be to test if these measurements can be replicated and the densities of different species 
obtained. This would involve measuring additional samples of both hardwoods and 
softwoods at possibly different thicknesses as well. Being able to accurately determine 
the density is important when considering any measurements of moisture content since 
any moisture in the wood will affect the density at the time of measurement. 
Therefore, the next study will be to look at both the moisture content and density 
of different wood species using the TeraSense system. A study undertaken at UNBC by 
Inagaki et al. was able to simultaneously predict the densities and moisture contents 
of aspen, birch, maple and hemlock using THz-TDS and the Picometrix system [44]. 
This study exploited the dielectric constant of the wood species and used a combined 
Bruggeman and Maxwell-Garnet effective medium theory to simultaneously obtain 
measurements for the density and moisture content. Their results agreed well with 
predicted values and showed the potential of THz radiation as an attractive technology 
for probing wood properties. Again, the results of this study will need to be replicated 
using the TeraSense system. This means that several species will need to be measured 
at varying moisture contents and compared to the results obtained in the study. 
Once it is determined that the TeraSense system is able to replicate the studies 
mentioned above, then work can commence to incorporate it into a measurement 
device suitable for industrial applications. This could potentially include making the 
system more compact and automated, allowing it to be more user-friendly. The design 
and complexity of the Picometrix system proved to be a challenge when implemented 
at the Ainsworth OSB mill in 100 Mile House, BC [40]. The considerably lower price 
tag of the TeraSense system (i.e., total cost of about $10,000) is also of significant 
interest to industry, making it an attractive, cost-efficient alternative to the Picometrix 
system. The ever-growing need for new technology in the wood products industry for 
compact, cost-effective technology for quality control provides exciting opportunities 
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for technology based on THz radiation. The work presented in this project provides a 
framework that might one day be used as a competitive technology within the wood 
and wood products industry. 
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Appendix A 
Complete Indices of Refraction and 
Absorption Coefficients for all 
Samples 
I Sample I Orientation I n 8n I Total 8n I 
4M1 n11 
1.60 0.08 0.2 
n -1 1.48 0.07 0.2 
4M2 n 1  
1.58 0.03 0.2 
n-1 1.50 0.03 0.2 
4M3 n 11 
1.63 0.01 0.2 
n -1 1.53 0.01 0.2 
4M4 n 11 
1.57 0.02 0.2 
n -1 1.51 0.02 0.2 
4M5 n 11 
1.6 0.1 0.2 
n -1 1.52 0.09 0.2 
Table A.l: Indices of refraction for individual maple samples using the TeraSense 
system. 
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I Sample I Orientation I n <Sn I Total <Sn I 
4H1 n11 
1.3 0.1 0.2 
n..L 1.2 0.1 0.2 
4H2 n11 
1.28 0.08 0.2 
n..L 1.16 0.08 0.1 
4H3 n11 
1.23 0.02 0.1 
n..L 1.18 0.02 0.1 
4H4 n11 
1.27 0.02 0.1 
n..L 1.22 0.02 0.1 
4H5 n11 
1.26 0.03 0.2 
n..L 1.18 0.03 0.1 
Table A.2: Indices of refraction for individual hemlock samples using the TeraSense 
system. 
I Sample I Orientation I n I <Sn I Total <Sn I 
4B1 n11 
1.55 0.09 0.2 
n..L 1.41 0.08 0.2 
4B2 n11 
1.53 0.07 0.2 
n..L 1.43 0.07 0.2 
4B3 n11 
1.50 0.04 0.2 
n..L 1.40 0.04 0.2 
4B4 n11 
1.50 0.06 0.2 
n..L 1.44 0.06 0.2 
4B5 n11 
1.53 0.05 0.2 
n..L 1.39 0.04 0.2 
Table A.3: Indices of refraction for individual birch samples using the TeraSense 
system. 
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I Sample I Orientation I a (cm-1 ) I ba (cm-1 ) I Total 6a (cm-1 ) I 
4M1 a11 
2.2 0.1 0.3 
a.1 2.1 0.1 0.3 
4M2 a11 
2.29 0.05 0.2 
a.1 1.56 0.03 0.2 
4M3 a11 
2.40 0.01 0.3 
a.1 1.82 0.01 0.2 
4M4 a11 
2.50 0.02 0.3 
a.1 1.70 0.01 0.2 
4M5 a11 
2.5 0.2 0.3 
a.1 1.48 0.09 0.2 
Table A.4: Absorption coefficients for individual maple samples using the TeraSense 
system. 
I Sample I Orientation I a (cm-1 ) Iba (cm-1) I Total 6a (cm-1 ) I 
4H1 a11 
3.2 0.3 0.5 
a.1 0.71 0.06 0.1 
4H2 a11 
2.3 0.1 0.3 
a.1 0.26 0.02 0.03 
4H3 a11 
1.56 0.02 0.2 
a.1 0.355 0.004 0.04 
4H4 a11 
1.35 0.01 0.1 
a.1 0.332 0.003 0.03 
4H5 a11 
1.94 0.05 0.2 
a.1 0.392 0.009 0.05 
Table A.5: Absorption coefficients for individual hemlock samples using the TeraSense 
system. 
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J Sample I Orientation I a (cm-1) I 8a (cm - 1) I Total 8a (cm-1) I 
4B1 au 
2.4 0.1 0.4 
a.1 1.7 0.1 0.3 
4B2 au 
1.6 0.1 0.2 
a.1 1.35 0.0 6 0.2 
4B3 a11 
2.08 0.0 5 0.3 
a.1 1.60 0.0 4 0.2 
4B4 
au 2.37 0.0 9 0.3 
a.1 1.20 0.0 5 0.2 
4B5 au 
2.55 0.0 7 0.4 
a.1 1.83 0.0 5 0.3 
Table A.6: Absorption coefficients for individual birch samples using the TeraSense 
system. 
I Sample I Orientation I n 8 n I Total 8n I 
4M1 nu 
1.60 0 .08 0.2 
n.1 1.52 0 .07 0.2 
4M2 nu 
1.52 0 .03 0.2 
n.1 1.44 0 .03 0.1 
4M3 n11 
1.57 0 .01 0.2 
n.1 1.492 0. 008 0.2 
4M4 
nu 1.55 0 .01 0.2 
n.1 1.47 0 .01 0.1 
4M5 n11 
1.6 0 .1 0.2 
n.1 1.49 0 .09 0.2 
Table A.7: Indices of refraction for individual map le samples using t he Picometrix 
system 
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I Sample I Orientation I n c5n I Total c5n I 
4H1 n 11 
1.3 0.1 0.2 
n .1 1.2 0.1 0.2 
4H2 n 11 
1.27 0.08 0.2 
n .1 1.21 0.08 0.2 
4H3 n 11 
1.25 0.02 0.1 
n .1 1.20 0.01 0.1 
4H4 
n 11 1.25 0.02 0.1 
n .1 1.19 0.01 0.1 
4H5 n 11 
1.26 0.03 0.1 
n .1 1.21 0.03 0.1 
Table A.8: Indices of refraction for individual hemlock samples using the Picometrix 
system. 
I Sample I Orientation I n c5 n I Total c5 n I 
4B1 n 11 
1.46 0.08 0.2 
n .1 1.37 0.08 0.2 
4B2 n 11 
1.47 0.07 0.2 
n.1 1.39 0.07 0.2 
4B3 n 11 
1.49 0.04 0.2 
n.1 1.38 0.03 0.2 
4B4 n 11 
1.46 0.06 0.2 
n.1 1.38 0.05 0.2 
4B5 n 1  
1.50 0.04 0.2 
n .1 1.41 0.04 0.2 
Table A.9: Indices of refraction for individual birch samples using the Picometrix 
system. 
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I Sample I Orientation I a Upper (cm-1) I a Lower (cm-1) I a TeraSense (cm- 1) I 
4M1 a11 
5.0 2.5 2.2 ± 0.1(0.3) 
aj_ 4.1 1.0 2.1 ± 0.1(0.3) 
4M2 a11 
5.23 2.21 2.29 ± 0.05(0.2) 
aj_ 4.44 1.79 1.56 ± 0.03(0.2) 
4M3 au 
4.63 4.06 2.40 ± 0.01(0.3) 
aj_ 4.14 1.44 1.82 ± 0.01(0.2) 
4M4 
au 4.63 1.64 2.50 ± 0.02(0.3) 
aj_ 3.84 1.24 1.70 ± 0.01(0.2) 
4M5 au 
5.19 2.71 2.52 ± 0.2(0.3) 
aj_ 4.21 1.61 1.48 ± 0.09(0.2) 
Table A.10: Absorption coefficients for individual maple samples using the Picometrix 
system compared to the values obtained using the TeraSense system. 
I Sample I Orientation I a Upper (cm- 1) I a Lower (cm-1) I a TeraSense (cm- 1) I 
4H1 au 
5.1 1.2 3.2 ± 0.3(0.5) 
aj_ 2.92 0.82 0.71 ± 0.06(0.1) 
4H2 au 
4.8 0.3 2.3 ± 0.1(0.3) 
aj_ 2.59 -0.15 0.26 ± 0.02(0.03) 
4H3 au 
4.55 -0.57 1.56 ± 0.02(0.2) 
aj_ 2.501 -0.221 0.355 ± 0.004(0.04) 
4H4 a11 
4.69 0.41 1.35 ± 0.01(0.1) 
aj_ 2.578 -0.400 0.332 ± 0.003(0.03) 
4H5 a11 
4.41 0.40 1.94 ± 0.05(0.2) 
aj_ 2.355 -0.141 0.392 ± 0.009(0.05) 
Table A.11: Absorption coefficients for individual hemlock samples using the Pi-
cometrix system compared to the values obtained using the TeraSense system. 
60 
I Sample I Orientation I a Upper (cm-1) I a Lower (cm-1) I a TeraSense (cm- 1) I 
4B1 a 11 4.4 2.5 2.4 ± 0.1(0.4) 
Q'. J_ 3.4 1.7 1.7 ± 0.1(0.3) 
4B2 a 11 
4.1 1.9 1.6 ± 0.1(0.2) 
Q'._1_ 2.96 0.86 1.35 ± 0.06(0.2) 
4B3 a 11 5.04 1.50 2.08 ± 0.05(0.3) 
Q'._1_ 3.89 1.51 1.60 ± 0.04(0.2) 
4B4 a 11 
4.72 2.02 2.37 ± 0.09(0.3) 
Q'. _1_ 3.85 1.59 1.20 ± 0.05(0.2) 
4B5 a 11 5.42 1.89 2.55 ± 0.07(0.4) 
Q'._1_ 4.42 1.82 1.83 ± 0.05 (0.3) 
Table A.12: Absorption coefficients for individual birch samples using the Picometrix 
system compared to the values obtained using the TeraSense system. 
61 
